During a survey of root-nodulating symbionts of Mimosoid species in the south-east region of Brazil, eight Paraburkholderia isolates were obtained from nodules of the legume species Piptadenia gonoacantha, either from the field or following a soil trapping method with the same plant host. 16S rRNA gene as well as recA and gyrB phylogenetic markers placed these strains in two new clades within the genus Burkholderia sensu lato. DNA-DNA hybridization values and analyses of average nucleotide identities of the whole genome sequence of selected strains in each clade (STM 7183 and STM 7296) showed that the two clades represented novel species of the genus Paraburkholderia. All eight isolates were further characterized using DNA base content determination, chemotaxonomic and biochemical profiling and symbiotic properties, which allowed to distinguish the novel species from known diazotrophic species of the genus Paraburkholderia. Based on genomic and phenotypic data, the names Paraburkholderia piptadeniae sp. T are LN875219, LN875227 and LN875234 ,respectively, and for the 16S rRNA gene and gyrB sequences of P. ribeironis STM 7296
The genus Burkholderia belongs to the class Betaproteobacteria and comprises more than 100 species with validly published names (www.bacterio.net/burkholderia.html) with new species being frequently described. Recently, two studies have proposed the split of the genus into three genera, with Burkholderia sensu stricto encompassing the majority of species causing infections in humans [i.e. Burkholderia cepacia complex (BCC) and Burkholderia pseudomallei and close relatives], and Paraburkholderia and Caballeronia which both include mainly species that do not cause infections in humans [1, 2] . Yet, both the Paraburkholderia [3] and Caballeronia [4] clades include several species that were reported to cause sporadic human infections. Strains representing the different species of Burkholderia (sensu lato) have been isolated from a wide variety of habitats such as terrestrial and aquatic environments, and form diverse associations with plants [5] . Among these associations, some species (all belonging to the new genus Paraburkholderia) form nitrogen-fixing nodules with legumes (for review, see [6] ) and are therefore considered as rhizobia (i.e. the so-called b-rhizobia). These species harbour nodulation (nod) and nitrogen fixation (nif) genes and form effective N 2 -fixing symbioses with specific clades of legumes, in particular in the large sub-tropical genus Mimosa (tribe Mimoseae) found in the Caatinga and Cerrado biomes in Brazil [7] [8] [9] . Currently, 14 species of the genus Paraburkholderia have been described as containing legumenodulating strains, including Paraburkholderia aspalathi [10] , P. caballeronis [11] , P. caribensis [12] , P. diazotrophica [13] , P. dilworthii [14] , P. mimosarum [15] , P. nodosa [16] , P. phenoliruptrix [17] , P. phymatum and P. tuberum [18] , P. rhynchosiae [19] , P. sabiae [20] , P. sprentiae [21] and P. symbiotica [22] . These species can be distinguished through their host spectrum and origin of nodulation genes, as Paraburkholderia strains isolated from nodules of endemic African and Australian papilionoid species (as in genera Aspalathus, Rhynchosia) host distinct nodulation genes compared to Mimosa-nodulating ones [6, [23] [24] [25] . In a recent study on the affinity between Paraburkholderia and legume species in the tribe Mimoseae [26] , Paraburkholderia strains have been isolated from nodules of species closely related to Mimosa, in the 'Piptadenia group'. The latter group comprises more than 50 species of trees, shrubs and lianas and most are native to Brazil. Some 196 nodule symbionts from 18 native species of the Piptadenia group in Brazil were isolated and their phylogenetic relationships and symbiotic specificity have been assessed [26] . The results highlighted 107 Paraburkholderia genotypes which clustered in nine distinct and consistent clades. These clades included six species of the genus Paraburkholderia already described as symbionts of Mimosa species (P. sabiae, P. phymatum, P. caribensis, P. diazotrophica, P. nodosa and P. phenoliruptrix [6] ). In addition, three clades were considered as putative novel species. New strains from two of these putative species were also sampled during a plant trapping experiment performed with Piptadenia gonoacantha on the same Brazilian soils as the Bournaud et al. study. In the present study, we describe a polyphasic analysis of the taxonomic and symbiotic status of these novel species of the genus Paraburkholderia, including the sequencing of the genomes of their proposed type strains.
All isolates studied are listed in Table 1 . They were isolated from nodules of Piptadenia gonoacantha, either from the field [26] or trapped with the same plant from soils sampled in Brazil during the same study (Bournaud et al., unpublished) .
The isolates were cultured on yeast extract-mannitol (YEM) agar plates [27] and incubated at 28 C for 2 days. Cells were stored at À80 C in 20 % glycerol (final concentration) for conservation. For PCR amplification, genomic DNA was prepared using the sodium dodecyl sulfate-proteinase K lysis procedure described by Moulin et al. [28] . Amplification and sequencing of 16S rRNA genes (1509 bp) were performed as previously described [29] , while fragments of recA and gyrB genes were amplified and sequenced according to Payne et al. [30] and Spilker et al. [31] , respectively. Sequences obtained were submitted to the GenBank database under accession numbers LN875216 to LN875238 (Fig. 1) . Phylogenetic trees were inferred by maximum-likelihood (ML using a GTR+I+G model) and distance (Kimura-2 parameter distance matrix, neighbour-joining) methods, and bootstrapped with 1000 replicates using the MEGA version 6 package [32] . No difference could be seen in the position of the two novel species with their closest neighbours whatever the method used. The 16S rRNA gene-, recA-and gyrB-based ML phylogenetic trees are presented in Fig. 1 neighbour species) and P. phenoliruptrix LMG 22037 T (as an outgroup species). DNA-DNA hybridizations were performed using a microplate method and biotinylated probe DNA [34] . The hybridization temperature was 45±1 C. Reciprocal reactions (AÂB and BÂA) were performed and the variation was within the limits of this method [35] 
Caballeronia zhejiangensis OP-1 T (HM802212)
Caballeronia cordobensis LMG 27620 T (HG324048)
Caballeronia grimmiae R27 T (JN256678) Fig. 1 . 16S rRNA gene (a), recA (b) and gyrB (c) phylogenies of P. ribeironis sp. nov. and P. piptadeniae sp. nov. and closely related species. Phylogenies were built by maximum-likelihood method (using a GTR+I+G model) and 1000 bootstrap replicates (% indicated at tree nodes when >50 %). Asterisks mark tree nodes in common between maximum likelihood and neighbour-joining trees. GenBank accession numbers of each sequence are indicated in parentheses. †indicates a genome accession number from which the marker sequence was extracted. Bars, % of nucleotide substitutions.
7296
T genomes, respectively. Genome assemblies were submitted to the ENA (European Nucleotide Archive; www. ebi.ac.uk/ena) under study numbers PRJEB10534 (STM 7296 T ) and PRJEB10535 (STM 7183 T ) and annotated in the Microscope platform (36) . ANI values between the STM 7183 T and STM 7296 T genome sequences and publicly available genome sequences of closely related species of the genus Paraburkholderia were calculated using the JSpecies software package [37] with the blast option ( Table 2 ). All ANI values were well below the 95 % threshold level for species delineation, confirming that STM 7183 T and STM 7296 T represent two novel species of the genus Paraburkholderia [38] . However, the ANI analysis also confirmed the close taxonomic proximity of STM 7183 T and P. diazotrophica as an ANI value of 92.5 % identity on 71.7 % of aligned genomic sequence was determined (Table 2) . These results were confirmed with the genome distance calculator GGDC2 available at http:// ggdc.dsmz.de/ [39] .
Phenotypic analyses of all isolates listed in Table 1 and of P. diazotrophica JPY 461
T were performed after growth on tryptone soya agar (TSA) at 28 C (LMG medium 14; http://bccm.belspo.be/catalogues/lmg-media-details?CultureMediaID=14) unless indicated otherwise. Oxidase activity was detected by immersion of cells in 1 % (w/v) N,N,N¢,N¢-tetramethyl-p-phenylenediamine solution and catalase activity was determined by bubble production after flooding a colony with 10 % (v/v) H 2 O 2 . Growth was tested at 28 C in nutrient broth (NB; BD Difco) at pH 4-9 using appropriate biological buffers (100 ml at pH 4 with 82 mM acetic acid, 18 mM sodium acetate; pH 5 with 30 mM acetic acid, 70 mM sodium acetate; pH 6 with 18 mM citric acid, 64 mM Na 2 HPO 4 ; pH 7 with 6 mM citric acid, 87 mM Na 2 HPO 4 ; pH 8 with 5 mM NaH 2 PO 4 , 94 mM Na 2 HPO 4 ; pH 9 with 100 mM Tris, 10 mM HCl). Growth on LMG 14 medium was tested at 4, 15, 28, 30, 37, 40 and 45 C. Lipase activity was determined according to the method described by Sierra [40] . Growth on MacConkey medium was observed after incubation for 48 h incubation at 28 C. Starch hydrolysis was observed after incubation for 48 h at 28 C in LMG 14 medium amended with 2 % (w/v) of starch. Deoxyribonuclease (DNase) activity was observed after 48 h at 28 C on BD Difco DNase Test Agar, according to the method of Jeffries et al. [41] . Casein hydrolysis was observed after incubation for 48 h at 28 C on TSA plates amended with 1.3 % (w/v) skimmed milk, through the observation of clear halos around colonies. Other biochemical tests were performed by inoculating API 20NE and API ZYM (enzymatic Fig. 1. (cont. C, respectively. The strains P. diazotrophica JPY461 T and P. sabiae Br3407 T were included in these tests as the closest neighbours of P. piptadeniae sp. nov. and P. ribeironis sp. nov., respectively. Results are presented in the species descriptions and in Table 3 . P. piptadeniae sp. nov. can be distinguished from P. diazotrophica on urease and oxidase activity, and from P. ribeironis sp. nov. by growth on D-mannose or adipate.
For fatty acid methyl ester analysis, all five P. piptadeniae sp. nov. isolates and P. diazotrophica JPY461 T were grown on TSA (BD) at 28 C for 48 h. A loopfull of well-grown cells was harvested and fatty acid methyl esters were prepared, separated and identified using the Microbial Identification System (Microbial ID) as described previously [42] . The fatty acid components of isolates of P. piptadeniae sp. nov. and P. diazotrophica were similar (Table 4 ); yet the relative amounts of many components allowed a straightforward differentiation of both species. P. ribeironis sp. nov. isolates did not grow sufficiently in these conditions and were grown on YEM agar (pH 6) at 28 C for 24 h. Under these conditions, the average fatty acid composition was similar to P. piptadeniae sp. nov. and P. diazotrophica, but in different amounts ( Table 4 ).
The DNA G+C content of strains STM 7183 T and STM 7296 T as determined by HPLC [43] , was 62.6 and 62.4 mol %, respectively. These values are similar to the range of 62-63 mol% reported for plant-associated species of the genus Paraburkholderia [6] . The G+C% of STM 7183 T and STM 7296 T , as determined from genome sequence data, was 62.29 and 62.48, respectively.
All symbiotic Paraburkholderia isolated from nodules of Mimosoid species sequenced so far harbour a plasmidborne conserved nodulation gene nodBCIJHASU operon preceded by a nodD transcriptional regulator gene on the opposite strand [24, 44] . This conserved operon was also found in the draft genome of P. piptadeniae sp. nov. STM 7183 T and P. ribeironis sp. nov. STM 7296 T . We also found in their genomes, all genes required for symbiotic nitrogen fixation (nif and fix) as well as nifV (encoding the homocitrate synthase, essential for free nitrogen fixation). Phylogenies of nodC showed the monophyletic origin of symbiotic genes in mimosoid-nodulating Burkholderia [7, 26] , while papilionoid-nodulating Burkholderia have a distinct origin of nodulation genes [24] . The nodC of STM 7296
T grouped in the sub-clade nodC2 of the monophyletic clade of mimosoid burkholderias, as published previously [26] , while the nodC of STM 7183
T form a new clade in this monophyletic group (not shown), indicating a putative different host range.
All isolates were evaluated for their ability to form nodules on Piptadenia gonoacantha in Gibson tubes filled with Jensen medium as described in Bournaud et al. [26] . All isolates induced pink nodules on the two legumes species, producing greener plants than uninoculated control, and were thus considered as efficient symbionts. We also tested the host range of both type strains on several Mimoseae and Acaciae tribe species using the same methodology. Both strains formed effective nodules (Nod+Fix+) on Mimosa pudica, inefficient nodules (Nod+Fix-) on Parapiptadenia rigida and Macroptilium atropurpureum, and no nodules (Nod-) on Anadenanthera colubrina, Piptadenia viridiflora, Stryphnodendron guanensis and Prosopis africana. Differences between strains were observed on the nodulation of Mimosa scabrella (STM 7183 Nod+Fix+, STM 7296 Nod-), Leucaena leucocephala (STM 7183 Nod+Fix-, STM 7296 Nod+Fix+) and Acacia mangium (STM 7183 Nod-, STM 7296 Nod +Fix-) and Acacia nilotica (STM 7183 Nod+Fix+, STM 7296 Nod+Fix-).
In summary, the data presented show that P. piptadeniae sp. nov. and P. diazotrophica are closely related species that can be distinguished by phenotypic and genotypic criteria (Tables 3, 4 and Fig. 1 ). Conventional DDH experiments and determination of whole-genome sequence based ANI values confirmed the close relatedness of both organisms but simultaneously revealed a genomic divergence beyond the species level. In contrast, the phylogenetic position of P. ribeironis sp. nov. was far-related to any known species of the genus Paraburkholderia. Moreover, we could not identify a single nearest neighbour taxon of P. ribeironis sp. nov. as its phylogenetic position varied with the gene used ( Fig. 1) and number of organisms included (data not shown) in phylogenetic analyses, and was never supported by high bootstrap values. Its nearest neighbour as determined through comparative 16S rRNA gene sequence analysis was P. xenovorans. The value of 98.3 % 16S rRNA gene sequence identity between the type strains of both species is below the species threshold as determined through comparative whole-genome sequence analyses [45] . Whole-genome sequence based ANI analyses with available Paraburkholderia genome sequences further revealed only values well below the 95 % threshold level for species delineation. The species could also be distinguished from other diazotrophic Paraburkholderia through phenotypic characteristics (Table 3) , with urease and oxidase activities as discriminant for P. piptadeniae sp. nov. and P. diazotrophica, and assimilation of mannose, caprate or adipate to distinguish P. ribeironis sp. nov. from P. xenovorans. We [52] . Results are based on tests with API 20NE and API ZYM strips. +, Positive; W, weakly positive; V+, variable among strains of the species but the type strain has the ability; VÀ, variable among strains of the species but the type strain does not have the ability; vw, variable among strains but weak in type strain; wÀ, weak in some strains but negative in type strain; À, negative; ND, not determined. All strains were negative for activities of glucose fermentation (except 6, ND), lipase (C 14 ), trypsin and chymotrypsin, a-galactosidase, b-glucuronidase, a-and b-glucosidase, N-acetyl-b-glucosidase, a-mannosidase and a-fucosidase. All strains were positive for catalase (except 6, 9 and 13, ND).
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Nitrate reduction Many novel species of the genus Paraburkholderia have been sampled from Mimosa species in the last 10 years [6] . In this study, we found that if the 'Piptadenia' group of legume species is nodulated by known species of Paraburkholderia [26] , two novel species of Paraburkholderia are also symbiotic of Piptadenia gonoacantha. These two novel species harbour the classic nodulation gene nodBCIJHASU operon, but exhibit a different host range indicative of symbiotic specificity. Given the high diversification of symbiotic species of the genus Paraburkholderia found in the nodules of Mimosa spp., it is highly probable that many other novel species of Paraburkholderia in the nodules of Piptadenia, Anadenanthera or Parapiptadenia species remain to be uncovered.
DESCRIPTION OF PARABURKHOLDERIA PIPTADENIAE SP. NOV.
Paraburkholderia piptadeniae (pip.ta, de¢ni.ae. N.L. gen.n. piptadeniae of Piptadenia, from the nodules of Piptadenia gonoacantha). 
